The photo-production of a pair of scalar particles in the presence of an intense, circularly polarized laser beam is investigated. Using the optical theorem within the framework of scalar quantum electrodynamics, explicit expressions are given for the pair production probability in terms of the imaginary part of the vacuum polarization tensor. Its leading asymptotic behavior is determined for various limits of interest. The influence of the absence of internal spin degrees of freedom is analyzed via a comparison with the corresponding probabilities for production of spin-1 /2 particles; the lack of spin is shown to suppress the pair creation rate, as compared to the predictions from Dirac theory. Potential applications of our results for the search of minicharged particles are indicated.
Introduction
Understanding the nonlinear and unstable nature of the quantum vacuum in the presence of a strong electromagnetic field constitutes an important task of theoretical physics. Corresponding studies have revealed a nontrivial vacuum structure, suitable to explore the low-energy frontier of particle physics [1, 2, 3] . Moreover, perspectives of achieving ultrahigh field intensities (I ∼ 10 26 W/cm 2 ) in short laser pulses of few femtoseconds duration [4, 5] have motivated a growing interest in the phenomenology purely associated with the quantum nature of the electromagnetic interaction (see [6, 7] for recent reviews). This is because the envisaged laser field strengths lie only 1-2 orders of magnitude below the critical value E c = 1.3 × 10 16 V/cm where QED vacuum nonlinearities become substantial and spontaneous vacuum decay into electron-positron (e − e + ) pairs via the Schwinger mechanism is expected to occur [8, 9, 10] .
In combination with an incident high-energy particle, strong laser fields can induce e − e + pair production already at intensities available today. In a pioneering experiment at SLAC [11] , a multi-GeV photon decayed into a pair while propagating through a moderately intense laser pulse (I ∼ 10 18 W/cm 2 ). This process, involving the simultaneous absorption of several laser photons, represents a nonlinear version of the well-known Breit-Wheeler reaction [12, 13, 14] . The high-energy non-laser photon originated from Compton backscattering of SLAC's ultrarelativistic electron beam off the laser pulse. In the near future, corresponding studies can be conducted within all-optical setups using laser-accelerated relativistic electrons as projectiles [15] . Other pair production mechanisms may be probed in Email addresses: selym@tp1.uni-duesseldorf.de (S. Villalba-Chávez), c.mueller@tp1.uni-duesseldorf.de (C. Müller) ultrarelativistic proton-laser collisions [16, 17, 18, 19, 20] .
In view of the upcoming high-field laboratories [4, 5], theoreticians are currently investigating further properties and applications of photo-induced e − e + pair production in intense laser fields. For example, due to their broad frequency composition, laser pulses of ultrashort duration have been shown to modify the created particle spectra [21] and lead to characteristic enhancements in the pair production probability [22, 23] . Photoinduced pair production also plays a crucial role for the development of QED cascades which may give rise to e − e + plasmas of very high density [24, 25] . The nonlinear Breit-Wheeler process moreover offers a promising means to measure ultrashort γ-ray pulses via e − e + streaking [26] . Superimposing the field of a high-energy photon onto a strong electric field may also help catalyzing the Schwinger effect [27, 28, 29] .
In the present Letter, we study the photo-induced creation of a pair of spin−0 particles in the presence of a strong monochromatic laser beam. Our motivation is twofold. First, while the probabilities for the creation of fermion pairs are known for a long time [13, 14] , it is relevant to establish the corresponding formulas for scalar particles because they can be useful for the ongoing search of minicharged particles which may have either fermionic or bosonic character [2, 3, 30] . Second, our results provide insights into the fundamental question as to how the spin degree of freedom affects the photo-induced pair production process. To this end, a comparison with the known results for fermion pair production will be drawn. Such an information complements previous works where spin-resolved calculations of the nonlinear Breit-Wheeler process via helicity amplitudes [31] and the internal spin polarization vector [32] were performed. We note besides that comparative studies between the behavior of bosonic and fermionic particles in strong laser fields have recently been carried out with respect to Compton, Mott and Kapitza-Dirac scattering [6, 33, 34] , nonlinear Bethe-Heitler pair creation in proton-laser collisions [35] and the Klein paradox [36, 37] .
Our theoretical approach relies on the polarization tensor Π µν (k 1 , k 2 ), of scalar Quantum Electrodynamics (in the oneloop approximation) in the presence of a strong laser field [38, 39] whose imaginary part is related to the pair production probability of scalar particles via the optical theorem. While the polarization tensor for Dirac fermions has already been exploited successfully to calculate various e − e + pair production processes in strong laser fields [18, 19, 38] , to the best of our knowledge the present calculations represent the first application of the corresponding polarization tensor for the scalar case.
General considerations
To begin with, let us consider the field of a plane electromagnetic wave of the form
with a 1,2 denoting the wave amplitudes and ψ 1,2 being arbitrary functions. The wave four-vector κ µ = (κ 0 , κ κ κ) fulfills the relations κ in [38, 39] . Also for the case when the virtual charge carriers in the Feynman loop are spin-0 particles general expressions for the c i were provided in these references; but these formulas were not further evaluated.
Using the general expressions from [38, 39] and assuming that the laser field is an elliptically polarized wave with ψ 1 = cos(κx) and ψ 2 = sin(κx),
we find that the form factors in Eq. (2) for the scalar case are given by
Here, α = e 2 is the fine structure constant, e and m denote the particle charge and mass, respectively, and
As Eq. (5) shows, the polarization tensor decomposes into elastic (k 1 = k 2 ) and inelastic (k 1 k 2 ) parts. Those terms which contain the Dirac deltas δ 4 (k 1 − k 2 + 2Nκ) with N 0 are responsible for the inelastic scattering of a photon in the field of the wave. For our purposes, however, only the elastic part is relevant. The corresponding functions d 
where J 0 (z) is the Bessel function of zero order and J ′ 0 (z) its derivative. The remaining parameters are
and
A substantial simplification is achieved when the external field is taken as a circularly polarized wave (ξ 1 = ξ 2 = ξ). In this case, we find it convenient to express the elastic contribution as
with Here the involved coefficients are given by
where
Now, the unitarity condition of the dispersion S −matrix provides the optical theorem. According to the latter, the total creation rate of a pair of spin-0 particles from a real photon (k 2 = 0) with polarization vector ǫ
where ω is the photon frequency (see Fig. 1 ). If the photon is unpolarized, the averaged rate
where the completeness relation g µν = − ℓ ǫ µ ℓ ǫ * ν ℓ was used in the second step. Because of this fact, the expression above reduces to
So, among the set of form factors previously described in Eqs. (13)- (15), only one contributes to R (0) . In correspondence, the probability of producing a pair of scalar particles by a photon traveling through a laser field of circular polarization can be represented by the following double-parametric integral
where the abbreviation η = (ρ/λ) 1 + ξ 2 1 − sin 2 (ρ)/ρ 2 has been used. In the case under consideration the parameter y of Eq. (10) becomes y = 
Eqs. (18) and (19) differ, however, by (i) an overall factor of −2 which coincides with the spin− 1 2 multiplicity, and (ii) the precise form of the integral over v. As we will see, this gives rise to differences between R (0) and R
( 1 2 ) regarding both the absolute size and the functional dependence. We should mention at this point that an exact evaluation of R (0) is quite difficult to perform. However, the dependence on the parameters of the theory, i.e. λ and ξ, allows to obtain closed-form analytical rate expressions in various asymptotic regimes of interest. They will be derived in the forthcoming section.
Asymptotic regimes and comparison with spin-1 2 case
Before undertaking the main calculations of this section, we briefly analyze the kinematics associated with the decay pro-
where n denotes the number of participating laser photons γ L . In the center-of-mass frame, the corresponding energy-momentum balance implies the condition nkκ = 2ε 2 , with ε being the (laser-dressed) energy of a final particle state. Accordingly, whenever the number of absorbed laser photons exceeds the threshold value
the decay can occur. Here, m * ≡ m(1 + ξ 2 ) 1 /2 denotes the effective mass of the particle. It comes out as a consequence of considering the dressed four-momentum q µ = p µ + m 2 ξ 2 (κ p) κ µ (with p µ the free four-momentum of the particle, i.e. p 2 = m 2 ) as the kinematical variable involved in the energy-momentum conservation [13, 14] . We point out that in the center-of-mass frame, the relative speed between the created particles is given
3.1. Two-photon reaction at ξ < 1 We wish to specialize Eq. (18) to the case where ξ < 1. In this context, we note that the probability of creating a pair is suppressed if the condition λ ≪ 1 holds, so that dispersive processes become of main interest here 2 . On the contrary, if λ 1 + ξ 2 (i.e. n * 1), the pair production could take place with the absorption of just one photon from the laser wave (twophoton reaction). In this case, which we shall consider now, the oscillatory contribution present in the exponent of (18) 
In the derivation of this expression a term of the order ∼ ξ 2 /λ has been accounted for, whereas terms of higher order in ξ 2 /λ were dropped. Hence, the results obtained in this section apply whenever the following conditions are simultaneously fulfilled:
Besides, to obtain Eq . (22) the Im(. . .) present in Eq. (18) must be carried out, after which the resulting integrand turns out to be an even function in the ρ−variable. This symmetry allows to perform the change in the integration limits according to
. . as well as to express the integrand as it stands in (22).
In order to provide an explicit expression of R (0) we integrate by parts the terms containing the factor proportional to 1/ρ 2 . Afterwards, the residue theorem is applied. To this end, the contour of the ρ−integration is chosen slightly below the real ρ axis (cf. also [39] ). As a consequence we obtain
where θ(x) denotes the unit step function. The remaining integral over v can be taken analytically without complications. It leads to
with n * given in (20) . The respective expression for R ( 1 2 ) can be read off from Eq. (24) by multiplying the latter by −2 and replacing the coefficient in front of the logarithmic function by 1 + n * /(1 + ξ 2 ) − n 2 * /2(1 + ξ 2 ) (see Appendix D in [39] ). Let us consider some limiting cases. At n * ⋍ 1, i.e. in the nonrelativistic limit (v ≪ 1), Eq. (24) behaves as
whereas R ( 1 2 ) = 2R (0) . So, in this limit, the ratio between the production probabilities coincides with the spin multiplicity of a Dirac particle. Incidentally, this relation is also manifest to leading order between the rates of the respective Schwinger mechanisms [44] . In contrast, for n * ≈ 0, the created particles are ultrarelativistic (v ∼ 1) and the probability becomes independent of λ :
The situation is quite different when the photo-production of Dirac particles is considered. In fact, under the same circumstances, the creation rate of a pair of spin- ; see also [40] . As a consequence, the ratio between the fermionic and scalar rates grows logarithmically, i.e. R ( (25) by replacing n * → n B = 1/λ and setting ξ = 0 within the squared brackets. The latter procedure leaves us with a quadratic dependence on the parameter ξ. Moreover we note that, at larger values of ξ ≈ 1 and λ ∼ 1 + ξ 2 , next-to-leading order terms become increasingly important (see also [18] ). These terms which may give some minor contribution to the rates for ξ = 1/2 have not been included in Fig. 2. 
Leading behavior of R
(0) at asymptotically large ξ ≫ 1
In order to undertake the calculations in the high-field domain with ξ ≫ 1 it is convenient to express the integral of the first two terms in Eq. (18) in a more suitable form: (27) with A 0 given in Eq. (10) and η defined below Eq. (18) . Inserting the expression above into Eq. (18) we obtain
where the lower boundary of the ρ-integral was extended to −∞ taking into account the symmetry of the integrand in this variable. Besides, the change of variable
has been carried out. We point out that the integral over this variable does not diverge, although the integrand is a singular function at u = 1. Since the latter, moreover, decreases very fast like ∼ 1/u 2 when u → ∞, it is expected that the main contribution results from the region around u ∼ 1. The situation is somewhat different with respect to the variable ρ. While in this case the integrand falls off for ρ → ±∞ as well, it is a regular function in ρ with vanishing limit at ρ → 0. In order to elucidate the mainly contributing region of this integral, we split the integration domain into three regions: from −∞ to −ρ 0 (lower region), from −ρ 0 to ρ 0 (inner region) and from ρ 0 to ∞ (upper region). This is,
where the positive dimensionless parameter ρ 0 is chosen to fulfill the conditions
Within the inner narrow integration region, where |ρ| ρ 0 ≪ 1, one may Taylor expand η in the exponential and, separately, the remaining part of the integrand. Afterwards, we perform a change of variable according to s = ρξ. The latter is also carried out in the integrals over the lower and upper regions but, after extending the resulting integration limit ρ 0 ξ → ∞, no relevant contribution comes from them. Thus, the total integral over ρ can be well approximated by
We remark that Eq. (30) [45] ) to obtain (33) where, in addition, an integration by parts has been carried out. Besides, the abbreviation ζ ≡ λξ = ω 2m
(1 −k k k ·κ κ κ) has been introduced, with the critical field strength E c = m 2 /e. The parameter ζ encodes the two paths to vacuum polarization effects: either by increasing the external field amplitude or by increasing the photon energy. It also depends on the propagation directions of the photonk k k = k k k/|k k k| and the strong laser fieldκ κ κ = κ κ κ/|κ κ κ|. Observe that ζ is maximized when the fields counterpropagate, i.e., whenk k k ·κ κ κ = −1.
We recall that Eq. (33) was derived under the assumptions given in (29) . Thus, the rate expression above applies when the number of absorbed laser photons is very large, n n * ≈ ξ 2 /λ ≫ 1. In this case, many photon orders n contribute to the production rate [13, 14] . Note that Eq. (33) is independent of the frequency of the strong background field. The problem thus becomes quasi-static with respect to the external wave which, consequently, may be approximated by a pure constant crossed field. We have checked that, starting from the general expression of the vacuum polarization tensor Π (scal) µν in such an external field configuration [46] , we can also arrive at Eq. (33) .
The corresponding production rate of spin− obtain
with Γ(x) denoting the Gamma function. The corresponding result for the fermionic case is given in [39] . Here the role of the internal spin degrees of freedom are manifest as R ( 1 2 ) = 5R (0) . On the contrary, if ζ ≪ 1 (corresponding to λ ≪ 1 at ξ ≫ 1), the large asymptotic behavior of the Macdonald functions applies, i.e. K ν (x) ∼ π 2x e −x [45] . With this expansion in mind, the integration over u can be performed. The latter becomes particularly simple because the region u ∼ 1 provides the essential contribution. This leads to
A comparison with the corresponding fermionic rate [40] leads to write R (
. It is interesting to note that a similar result was found for the strong-field Bethe-Heitler process γ Coul +nγ L → ℓ − +ℓ + . In the parameter domain where ξ ≫ 1 and E ∼ E c , the rate associated with the creation of Dirac fermions in the Coulomb field of a nucleus exceeds by a factor of ≃ 7 the corresponding rate for spin−0 particles [35] .
Conclusions and outlook
Photo-initiated production of a pair of spinless particles in the field of a circularly polarized laser wave was investigated. Compact expressions for the pair production rate were obtained in various asymptotic parameter regimes. Our analysis was carried out by considering the imaginary part of the vacuum polarization tensor as dictated by the optical theorem. Comparisons between the creation rates for spin-1 2 versus spin-0 particles revealed how spin effects are manifest at different energy scales. It was shown that the spin degrees of freedom affect the absolute magnitude and, in the limit of high photon energies, also the functional form of the production rates. The rate predictions based on the Dirac theory were generally found to be significantly larger than the corresponding results for Klein-Gordon particles.
We note that the absence of internal spin degrees of freedom in the scalar theory renders the evaluation of the vacuum polarization tensor somewhat easier than in the fermionic case. It is worth mentioning that, since the total production rates for spin-0 and spin-1 2 particles in the high-field limit (ξ ≫ 1) differ by an overall factor only, this technical simplification could be exploited to extract new insights into the production process which are valid not only for scalar particles but also for e − e + pairs. Indeed, the very similar behavior of the production rates in this regime indicates that the process is mainly determined by the features of the weak photon and strong laser fields, rather than the particular property of the matter field. Finally we point out that, whenever the energy scale remains within the phenomenological limits of QED and its fundamental principles are preserved, the photo-production of a hypothetical pair of spinless particles characterized by a tiny fraction ǫ of the electron charge e would not differ qualitatively from the respective creation of a spinless electron-positron pair. In correspondence, the rate associated with the latter phenomenon can be obtained from the expression derived in this Letter by replacing the electron parameters (e, m) by the respective quantities (ǫe, m ǫ ) associated with a minicharged particle. Therefore, our results can be useful in the ongoing search for minicharged particles [1, 2, 3, 30] and help to improve our understanding of how the spin degrees of freedom affect the relevant experimental observables.
